Astrocytes support neuronal antioxidant capacity by releasing glutathione, which is cleaved to cysteine in brain extracellular space. Free cysteine is then taken up by neurons through excitatory amino acid transporter 3 [EAAT3; also termed Slc1a1 (solute carrier family 1 member 1)] to support de novo glutathione synthesis. Activation of the nuclear factor erythroid 2-related factor 2 (Nrf2)-antioxidant responsive element (ARE) pathway by oxidative stress promotes astrocyte release of glutathione, but it remains unknown how this release is coupled to neuronal glutathione synthesis. Here we evaluated transcriptional regulation of the neuronal cysteine transporter EAAT3 by the Nrf2-ARE pathway. Nrf2 activators and Nrf2 overexpression both produced EAAT3 transcriptional activation in C6 cells. A conserved ARE-related sequence was found in the EAAT3 promoter of several mammalian species. This ARE-related sequence was bound by Nrf2 in mouse neurons in vivo as observed by chromatin immunoprecipitation. Chemical activation of the Nrf2-ARE pathway in mouse brain increased both neuronal EAAT3 levels and neuronal glutathione content, and these effects were abrogated in mice genetically deficient in either Nrf2 or EAAT3. Selective overexpression of Nrf2 in brain neurons by lentiviral gene transfer was sufficient to upregulate both neuronal EAAT3 protein and glutathione content. These findings identify a mechanism whereby Nrf2 activation can coordinate astrocyte glutathione release with neuronal glutathione synthesis through transcriptional upregulation of neuronal EAAT3 expression.
Introduction
Nuclear factor erythroid 2-related factor 2 (Nrf2) is a transcription factor that regulates expression of several antioxidant enzymes . Nrf2 translocates to the nucleus upon exposure to oxidants, where it forms heterodimers with small Maf proteins and binds to antioxidant responsive element (ARE) promoter sequences (Itoh et al., 1997) . The Nrf2-ARE pathway coordinates cellular responses to oxidative stress in brain, and activation of this pathway can markedly reduce brain injury in experimental models of stroke, Parkinson's disease, and other neurological disorders (Vargas and Johnson, 2009 ). This salutary effect on neurons requires the production and extracellular release of GSH (a tripeptide of glutamate, cysteine, and glycine) by astrocytes (Vargas and Johnson, 2009 ). However, neurons cannot directly acquire GSH from the extracellular space, and the mechanism by which astrocyte GSH release supports neuronal antioxidant status is not known.
Mature neurons, unlike most other cell types, use extracellular cysteine rather than cystine (cysteine disulfide) to synthesize GSH de novo (Dringen and Hirrlinger, 2003) . Extracellular cysteine in brain is cleaved from GSH released by astrocytes (Dringen et al., 2001 ) and is taken up by neurons through excitatory amino acid transporter 3 (EAAT3). EAAT3, also termed solute carrier family 1 member 1 (Slc1a1), was first identified as a highaffinity glutamate transporter (Kanai and Hediger, 1992) but was later shown to also transport cysteine in neuronal cultures (Chen and Swanson, 2003; Himi et al., 2003) and heterologous expression systems (Zerangue and Kavanaugh, 1996) . EAAT3 is ubiquitously expressed in neurons, but not astrocytes, and has a predominately nonsynaptic localization (Danbolt, 2001) . Inhibition of EAAT3 transport reduces both neuronal GSH content and neuronal survival after oxidative stress in vitro (Chen and Swanson, 2003; Nafia et al., 2008; Watabe et al., 2008) . Similarly, EAAT3-deficient mice display reduced neuronal GSH levels, increased sensitivity to oxidants, accelerated age-related neuronal death, and cognitive deficits (Aoyama et al., 2006) . EAAT3 thus plays an important role in neuronal defense against oxidative stress.
Several studies have shown EAAT3 activity to be regulated in part by trafficking between the cytosol and the plasma membrane (Robinson, 2006) , but little is known about EAAT3 transcriptional regulation. EAAT3 expression is increased by hypoxia (Hsu et al., 2001) , anesthetics (Huang and Zuo, 2003) , and alltrans retinoic acid/RAR␤ (Bianchi et al., 2009 ). The regulatory factor X1 has been shown to bind to the EAAT3 promoter and activate EAAT3 transcription (Ma et al., 2006) , but the factors regulating EAAT3 transcription in the context of oxidative stress remain undefined. Results of the present studies show that EAAT3 is transcriptionally upregulated through the Nrf2-ARE pathway and that the resultant increase in EAAT3 expression promotes neuronal GSH synthesis. These findings identify a mechanism whereby astrocyte GSH release can be coupled to neuronal GSH synthesis in response to oxidative stress.
Materials and Methods
Reagents and plasmids. Reagents were obtained from Sigma except where otherwise noted. For cell culture experiments, L-sulforaphane (SR) and tert-butylhydroquinone (t-BHQ) were prepared as concentrated stocks in ethanol and were diluted in culture medium just before use. The final concentration of ethanol was Ͻ0.025%. Rabbit antibody against EAAT3 was a kind gift from Dr. J. Rothstein (John Hopkins University, Baltimore, MD). The EAAT3-firefly luciferase plasmid (pEAAT3-luc) was a kind gift from Dr. Z. Zuo (University of Virginia, Charlottesville, VA). This plasmid has the human EAAT3 promoter region (bases Ϫ1 to Ϫ482, relative to the start codon) inserted into the pGL3-luc plasmid (Promega) (Ma et al., 2006) . The plasmids containing the mouse cDNA for Nrf2 (pNrf2) and Nrf2M (pNrf2M, a mutant, dominant-negative form of Nrf2) under the elongation factor 1␣ promoter and the corresponding empty vector (pF2C), were kind gifts from Dr. J. Alam (Ochsner Clinic Foundation, New Orleans, LA) (Alam et al., 1999) .
Cell cultures and transfection. Rat C6 glioma cells (ATCC) were grown in DMEM (Invitrogen) with 5% fetal bovine serum (FBS), 2 mM glutamine, 100 U/ml penicillin, and 100 g/ml streptomycin. They were used for 15-20 passages without noticeable change in morphology or response to treatment. Cells were used for transfection when 70 -80% confluent. The following volumes and amounts are given for one well of a 24 well plate. Culture medium was replaced with 500 l of antibioticfree DMEM containing 5% FBS and 2 mM glutamine. Plasmids [50 ng of pEAAT3-luc, 2.5 ng of Renilla luciferase cDNA driven by the cytomegalovirus promoter (pCMV-RL, Promega), and 200 ng of pNrf2, pNrf2M, or pF2C] were diluted in 100 l of OptiMEM I Reduced serum medium (Invitrogen) in the presence of 1 l of Lipofectamine 2000 (Invitrogen). After 25 min, 100 l was added to each well and left for 24 h, at which time the cells were used for experiments.
Promoter activity assays. Cultures were cotransfected with pEAAT3-luc and pCMV-RL. Cell lysates were prepared 24 h after transfection, and they were sampled sequentially for firefly luciferase activity followed by Renilla luciferase activity using the Dual-Luciferase Reporter assay (Promega) with a double-injector luminometer (Turner Biosystems). The luminescence values were corrected for background luminescence measured in nontransfected samples, and the firefly luciferase activity was normalized to Renilla luciferase activity to control for any variations in transfection efficiency and for nonspecific effects of treatments on gene expression.
EAAT3 transporter function. Cells grown in 48 well plates were rinsed with warm balanced salt solution (BSS) containing the following: 140 mM NaCl, 3.1 mM KCl, 1.2 mM CaCl 2 , 1.2 mM MgSO 4 , 0.5 mM KH 2 PO 4 , 2 mM glucose, and 5 mM 1,4-piperazinediethanesulfonic acid, pH 7.2, 280 -320 mOsm. Cells were preincubated for 20 min in BSS at 37°C. Uptake was initiated by the addition of 100 M D-aspartate with 60 Ci/L 14 C-Daspartate (specific activity: 55 Ci/mol; ARC). After 6 min, incubation medium was aspirated, and cells were rinsed three times with cold HBSS (Invitrogen) and lysed in 0.1 N NaOH with 0.01% SDS. Aliquots of the lysate were taken for scintillation counting and protein determination by the bicinchoninic acid method (BCA) (Pierce) (Smith et al., 1985) . For each condition, a parallel assay was performed in the presence of 200 M DL-threo-benzyloxyaspartate (TBOA, Tocris Bioscience). EAAT3-mediated 14 C-D-aspartate uptake was calculated as the difference between total uptake and TBOA-insensitive uptake, after normalization to protein content.
14 C-D-aspartate uptake was found to increase linearly for up to 10 min of incubation. The fraction not inhibited by TBOA (EAAT3-independent uptake) was Ͻ20% of total uptake and not modified by any treatment. Uptake value in controls was 377 Ϯ 38 pmol D-aspartate ⅐ min Ϫ1 ⅐ mg protein Ϫ1 . Figure 1 . Activators of the Nrf2-ARE pathway increase EAAT3 expression at the transcriptional level. A, B, Cells were exposed for 48 h to SR or t-BHQ, and the nuclear accumulation of Nrf2 (A) and EAAT3 expression (B) were assessed by Western blot. C, Nrf2 and EAAT3 band densities were normalized to the corresponding PARP-1 and actin band densities, respectively, and expressed as the percentage increase over controls (CTR). n ϭ 3-8. *p Ͻ 0.05, **p Ͻ 0.005 versus CTR. D, Immunostaining for EAAT3 and HO-1 in cells exposed to SR or t-BHQ. Scale bar, 10 m. E, EAAT3 promoter activity was assessed using cells exposed to SR and t-BHQ and transfected with the pEAAT3-luc and pCMV-RL plasmids. n ϭ 3-4. *p Ͻ 0.05 versus CTR.
Immunostaining. C6 glioma cells grown on a glass coverslip were rinsed with warm 10 mM PBS and fixed for 15 min in 4% paraformaldehyde. After three rinses with PBS, cells or floating fixed brain sections were incubated for 30 min in 10 mM PBS with 2% normal goat serum, 0.2% Triton X-100, and 0.1% (w/v) BSA. Cells or sections were then incubated overnight at 4°C with antibodies to ␤-galactosidase (1:1000, Invitrogen), EAAT3 (1:400), GFAP, (1:1000, Dako), heme oxygenase-1 (HO-1) (1:200; OSA-111, Stressgene), or NeuN (1:1000, Millipore Bioscience Research Reagents) in the same buffer. After three rinses with PBS, they were incubated for 2 h at room temperature with secondary antibodies coupled to Alexa Fluor (1:500, Invitrogen). To detect GSH in situ, we used two techniques: labeling with C5-maleimide (Aoyama et al., 2006; Won et al., 2010) and detection of GSH-Nethylmaleimide (NEM) adducts (Miller et al., 2009) . For C5-maleimide staining, the sections were incubated overnight at 4°C with 2.5 mM Alexa Fluor488 or Alexa Fluor 594 C5-maleimide (Invitrogen) in 0.1 M phosphate buffer containing 0.3% Triton X-100. For GSH-NEM detection, the sections were incubated with 10 mM NEM for 4 h at 4°C, washed, and incubated with a monoclonal antibody to GSH-NEM (clone 8.1GSH, Millipore). Antibody binding was then tagged using secondary antibodies coupled to Alexa Fluor (1:500, Invitrogen). Sections were mounted onto a glass slide, and images were taken with a Zeiss confocal fluorescence microscope, using the same settings for all conditions. All sections were stained and photographed in parallel by an individual blinded to the experimental conditions. C5-maleimide and EAAT3 staining fluorescent intensity was measured, using ImageJ software (NIH), in 20 randomly selected perikarya in each of two to four fields to generate an average value for each mouse. GSH-NEM immunostaining intensity was measured over the entire field of interest and normalized to the intensity of the contralateral striatum. In mice injected with lenti-Nrf2 or lenti-LacZ, quantification of C5-maleimide or EAAT3 staining intensity was performed on 20 GFPpositive cells on each mouse and injection side using ImageJ software.
Western blots. Cells were quickly rinsed with warm 10 mM PBS and lysed in 50 mM Tris-HCl, pH 7.4, 100 mM NaCl, 1% SDS, and protease inhibitor (Roche). Protein homogenates were collected on ice, sonicated, and diluted in Laemmli buffer. Subcellular fractionation to obtain nuclear fractions was performed according to the method of Vargas et al. (2005) . Protein concentration was determined using the BCA method. Protein samples were boiled for 5 min, loaded on a 10% acrylamide gel, submitted to SDS-PAGE, and transferred to a PVDF membrane. Membranes were blotted with the following antibodies diluted in Tris buffer saline with 0.1% Tween-20 and 5% milk proteins: actin (1:10,000), EAAT3 (1:400), HO-1 (1:2000; SPA-896, Stressgene), Nrf2 (1:200; sc-722, Santa Cruz Biotechnology), and poly (ADP-ribose) polymerase 1 (PARP-1) (1:1000; Trevigen). After three 10 min rinses, secondary antibodies coupled to horseradish peroxidase (Vector Laboratories) were incubated with the membrane at a 1:10,000 dilution for 1 h. Antibody binding was detected on x-ray films using the ECL or ECL plus substrate (GE Healthcare). Films were scanned and intensities of bands were measured using ImageJ and normalized to actin or PARP-1. Nrf2 and EAAT3 antibody specificity was controlled by Western blot using cells overexpressing Nrf2 and brain samples from EAAT3 Ϫ/Ϫ and EAAT3 ϩ/ϩ mice (data not shown). Pharmacological treatments in mice. These experiments were approved by the San Francisco Veterans Affairs Medical Center animal studies committee and were in strict accordance with the recommendations of ) is given relative to the start codon for each species. The core sequence is highlighted in gray. B, Lentiviral vectors infect neurons selectively. After a double infection with lenti-LacZ and lenti-GFP, cells that are GFP and ␤-galactosidase positive coexpress the neuronal marker NeuN and not the astrocytic marker GFAP. Scale bar, 20 m. C, Western blotting of brain samples from mice injected with lenti-Nrf2-HA. Antibody to the HA tag detects a band corresponding to Nrf2 only in the brains injected with lenti-Nrf2-HA. D, Chromatin from lenti-Nrf2-HA injected mice was immunoprecipitated with IgG antibody to HA or with control IgG, and the ARE-related sequence on the EAAT3 promoter was amplified by PCR using specific primers. Nrf2 binds selectively to the ARE-related sequence on the EAAT3 mouse promoter. Image is representative of three PCR runs.
the European Communities Council (86/609/EEC). WT C57BL/6 mice were obtained from Simonsen, and Nrf2 Ϫ/Ϫ mice on the C57BL/6 background were kindly provided by Dr. Y. W. Kan (University of California, San Francisco, CA). EAT3 Ϫ/Ϫ mice on a CD1 background (Aoyama et al., 2006) had been outbred on the C57BL/6 background for six generations prior to these experiments. Mice were housed with a 12 h light/dark cycle and were given food and water ad libitum. Three-month-old male mice were used for all studies. Paraquat [1,1Ј-dimethyl-4,4Ј-bipyridium (PQT); 1 mg/ml in sterile saline] was administered at 10 mg/kg by intraperitoneal injection. Controls received equal volumes of saline vehicle alone. Mouse brains were harvested 24 h after injection, 2 mm coronal sections were prepared, and the frontal cortex was dissected out on ice. Samples were stored in RNAlater (Qiagen) until mRNA extraction. t-BHQ (100 mM in 10% ethanol) was administered (1 l) by stereotaxic injection into the striatum over 10 min using a 33 gauge Hamilton syringe (anteroposterior ϩ 1 mm, mediolateral 2 mm from bregma, ventral Ϫ2.5 mm). The needle was withdrawn after an additional 5 min. Forty-eight hours later, the mice were transcardially perfused with 0.9% saline for 5 min followed by 4% paraformaldehyde for 10 min, and the brains were cryoprotected with sucrose and cut into 50 m coronal sections with a cryostat. Buthionine sulfoximine (BSO) was diluted in 10 mM phosphate buffer, pH 7.4, and injected (1.3 g/kg, i.p.), while mice received intracerebral t-BHQ or vehicle injections. Mice received an additional BSO injection after 24 h and were perfusion fixed 24 h later.
Lentivirus production and injection. Self-inactivating (SIN) lentiviral vectors containing the central polypurine tract (cPPT) sequence, the mouse phosphoglycerate kinase I promoter (PGK), the woodchuck postregulatory element (WPRE) sequence (Déglon et al., 2000) , and encoding mouse Nrf2 tagged with hemagglutinin (HA) were produced. To clone Nrf2-HA cDNA, a PCR was performed using the pNrf2 plasmid as a template, and the amplicon was cloned into the SIN-cPPT-PGK-Nrf2-HA-WPRE plasmid. Lentiviral vectors (lenti-Nrf2-HA) were produced in 293T cells and pseudotyped with the vesicular stomatitis virus G-protein (Déglon et al., 2000) . Control vectors contain the ␤-galactosidase gene (lenti-LacZ). Mice received stereotaxic injections of lenti-LacZ and lenti-Nrf2-HA in the left and right striatum respectively under ketamine-xylazine anesthesia. Suspensions of lentiviral vectors diluted in PBS ϩ 1% BSA (100 ng of p24/l, 2 l) were administered at a rate of 0.2 l/min. A lentiviral vector encoding the GFP gene was coinjected (50 ng of p24) with lenti-LacZ or lenti-Nrf2-HA to detect infected, GFP-positive neurons on immunostained brain sections because neurons are coinfected by the two viruses (see Fig. 3A ). Coinjection with lenti-GFP also allowed identification and selective dissection of the GFP-positive area from fresh slices under a fluorescent microscope for quantitative reverse transcriptase PCR (qRT-PCR) analysis and chromatin immunoprecipitation.
qRT-PCR. Total RNA was extracted from brain samples with Trizol and treated with DNase (Qiagen). cDNA was synthesized from 1 g of total RNA and random oligo primers using the SuperScript III first strand kit (Invitrogen). Twenty nanograms of cDNA were used in triplicate to perform realtime PCR using the Light Cycler 480 SybrGreen I Master kit (Roche) and the 7900HT Fast Real-Time PCR System. The following sets of primers were designed with the Primer Express Software (Applied Biosystems) except where a reference is cited: mouse EAAT3 5Ј-ATGTGCTACATGCCGAT-TGG Ϫ3Ј (forward), 5Ј-CTCAGGACAGTGGCCATGTAAA-3Ј (reverse); mouse HO-1 5Ј-GTGATGGAGCGTCCACAGC-3Ј (forward), 5Ј-TGGTG-GCCTCCTTCAAGG-3Ј (reverse) (Pugazhenthi et al., 2007) ; mouse NR2B 5Ј-GCTACAACACCCACGAGAAGAG-3Ј (forward), 5Ј-GAGAGGGTC-CACGCTTTCC-3Ј (reverse); mouse Nrf2 5Ј-TGAGTCGCTTGCCCTG-GATAT (forward), 5Ј-AGTCATGGCTGCCTCCAGAGA-3Ј (reverse); and mouse glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 5Ј-TG-GCAAAGTGGAGATTGTTGCC-3Ј (forward), 5Ј-AAGATGGTGATG-GGCTTCCCG-3Ј (reverse) (Rhinn et al., 2008) . A dissociation step was added at the end of the PCR to confirm the amplification of a single product. For each set of primers, the efficiency of the amplification reaction was measured using a 10-fold dilution standard curve, and found to be 87 to 97%. No-template and no-reverse transcriptase controls were included in each assay, and these produced no detectable signal during the 40 cycles of amplification. EAAT3, NR2B, Nrf2, and HO-1 mRNA levels were normalized to GAPDH levels and expressed relative to levels in control animals using the 2 -⌬⌬Ct method (Livak and Schmittgen, 2001) . Chromatin immunoprecipitation. Six mice were injected with lentiNrf2-HA and lenti-GFP in the right striatum to produce stable Nrf2-HA overexpression in neurons (de Almeida et al., 2001) . One month later, the mice were killed, the brains were collected, and punches were dissected out of the GFP ϩ area. Pooled punches were cross-linked in 1% formaldehyde for 15 min. After addition of 125 mM glycine for 5 min, samples were rinsed three times in PBS with protease inhibitors and frozen until further processing. Nuclear extraction, chromatin purification, and immunoprecipitation were performed by the University of California, Davis Genome Center as described by O'Geen et al. (2010) . Immunoprecipitation used IgG antibodies to HA (Covance) and control IgG antibodies. PCR was performed on chromatin pulled down with the antibodies and, as a positive control, on 0.25% of chromatin input. The following primers were used to amplify the ARE-related sequence on the EAAT3 promoter (amplicon size: 350 bp): 5Ј-TCCCATATCAAATCCCTTCGC-3Ј (forward) 5Ј-TTTGCGATGAGT-CGGGTAGC Ϫ3Ј (reverse). Amplicons were run on a 1.5% agarose gel.
Statistical analysis. Data are expressed as means Ϯ SEM. For studies in cell culture, multiple group comparisons were performed by the nonparametric Kruskal-Wallis test followed by the Mann-Whitney post hoc test. The n value indicates the number of independent culture preparations, and measurements were performed in triplicate for each n. In vivo studies were evaluated with either the paired t test or with ANOVA and Fisher's post hoc least significant difference test of the designated treatment groups, with n equal to the number of mice in each group.
Results

Stimulation of the Nrf2-ARE pathway increases EAAT3 expression and function
We first evaluated the effects of Nrf2-ARE pathway activation on EAAT3 transcriptional regulation in the C6 glioma cell line, which exhibits endogenous EAAT3 expression (Davis et al., 1998) . Cells were treated for 48 h with two established nucleophile activators: SR and t-BHQ (Kraft et al., 2004) . We confirmed that these compounds activate the Nrf2-ARE pathway under the conditions of these studies by measuring nuclear translocation of Nrf2 (Fig. 1A,C) and upregulation of HO-1, an established transcriptional target of Nrf2 (Fig. 1D ) (Alam et al., 1999) . SR and t-BHQ also increased EAAT3 expression, as shown by Western blot (Fig. 1B,C) and immunostaining (Fig. 1D) .
EAAT3 function was then measured as the TBOA-sensitive uptake of 14 C-Daspartate, a stable and nonmetabolized substrate of EAAT3 (Ereciń ska et al., 1983; Himi et al., 2003) . EAAT3 is the only subtype of the EAAT family expressed by C6 glioma cells (Davis et al., 1998) such that TBOA-sensitive uptake of 14 C-D-aspartate provides a specific measure of EAAT3 function. The increase in EAAT3 expression induced by SR and t-BHQ treatment was accompanied by a 51.3 Ϯ 13.9% and 49.2 Ϯ 12.3% increase in EAAT3 function ( p Ͻ 0.05, n ϭ 6).
EAAT3 transcriptional activation was evaluated using a reporter gene construct (pEAAT3-luc), in which the human EAAT3 promoter drives expression of firefly luciferase (Ma et al., 2006) . Cells were cotransfected with pEAAT3-luc and a plasmid in which the Renilla luciferase gene is constitutively expressed under control of the cytomegalovirus promoter. Firefly and Renilla luciferase activities were assessed 24 h after transfection on cells exposed to SR or t-BHQ for 6 or 24 h. Both nucleophiles increased firefly luciferase activity, indicating activation of the EAAT3 promoter (Fig. 1 E) .
Overexpression of Nrf2 increases EAAT3 expression
To determine whether Nrf2 directly regulates EAAT3 transcription, we transfected C6 glioma cells with plasmids coding for pNrf2 or Nrf2M, a dominant-negative form of Nrf2 (Alam et al., 1999) . Transfection with pNrf2 produced a large increase in Nrf2 expression and a similar large increase in HO-1 expression (Fig. 2) . Overexpression of Nrf2 also increased expression of EAAT3 protein (Fig. 2) and stimulated EAAT3 promoter activity by 45.50 Ϯ 10.51%, as measured by the luciferase reporter assay ( p Ͻ 0.01, n ϭ 4 -5). The magnitude of this effect was smaller than observed with chemical Nrf2 activators (Fig. 1) , possibly because only a fraction of the cells overexpressed Nrf2 (transfection efficiency ϭ 40%). Overexpression of the dominant-negative construct Nrf2M had no significant effect on EAAT3 protein levels (Fig. 2) or basal EAAT3 promoter activity (Ϫ8.28 Ϯ 4.39%, p Ͼ 0.05), suggesting that Nrf2-ARE signaling is not required for basal EAAT3 expression.
Nrf2 directly binds to the ARE-related sequence of the neuronal EAAT3 promoter in vivo
Analysis of the human EAAT3 promoter revealed an ARE-related sequence 5Ј-ggTGACnnnGGc-3Ј at position Ϫ142 to Ϫ133, with the underline indicating the nonconventional part of the consen- Ϫ/Ϫ , and EAAT3 Ϫ/Ϫ mice were injected with 1 l of 100 mM t-BHQ or 10% ethanol vehicle (Veh) and harvested 48 h later. Photomicrographs show representative fields of the striatum near the injection sites, with EAAT3 identified by immunostaining (red) and GSH identified with C5-maleimide (green). A, In WT mice, both GSH and EAAT3 expression are upregulated by t-BHQ. B, Both basal C5-maleimide staining (C5) and the t-BHQ-mediated increase in C5-maleimide staining are suppressed in mice that also received intraperitoneal injections of BSO. C, D, t-BHQ failed to increase neuronal EAAT3 expression and GSH content in Nrf2 sus sequence and the capitalized letters indicating the core sequence . EAAT3 (Slc1a1) promoter sequences from eight mammalian species were retrieved and aligned with DiAlign Software (Genomatix) (Morgenstern et al., 1998) . The multispecies alignment showed that the ARE-related sequence was in a conserved domain of the EAAT3 promoter and that the core sequence was present in all species (Fig. 3A) .
To demonstrate that Nrf2 can bind to the EAAT3 promoter of neurons in situ, we performed chromatin immunoprecipitation (ChIP) using brain samples in which a neuron-targeted lentivirus (Fig. 3B) (de Almeida et al., 2001 ) was used to express HA-tagged Nrf2 in brain neurons. Western blots confirmed the presence of HA-tagged Nrf2 in brain samples from mice injected with the lentivirus encoding Nrf2-HA (lenti-Nrf2-HA) (Fig. 3C) . ChIP analysis showed that the ARE-related sequence in the EAAT3 promoter was coimmunoprecipitated by an antibody to the HA tag but not by the control IgG antibody (Fig. 3D) , indicating that Nrf2 binds to the ARE-related sequence of the EAAT3 promoter of mouse neurons in situ.
Oxidant-induced increase in EAAT3 expression in mouse brain
To determine whether oxidative stress can activate EAAT3 transcription in vivo through the Nrf2-ARE pathway, we measured EAAT3 mRNA levels in the cerebral cortex of WT and Nrf2 Ϫ/Ϫ mice after an intraperitoneal injection of a low dose of PQT, which generates intracellular superoxide through a recycling reaction with NADPH (Comporti, 1989) . Basal EAAT3 mRNA levels were not significantly different between WT and Nrf2 Ϫ/Ϫ mice (Fig.  4 A) . PQT increased HO-1 mRNA in WT mouse cortex by threefold (Fig. 4 B) , consistent with activation of the Nrf2-ARE pathway. PQT also increased EAAT3 mRNA levels in WT mouse cortex approximately twofold (Fig. 4 A) . In contrast, PQT did not increase EAAT3 mRNA expression in Nrf2 Ϫ/Ϫ mice. mRNA levels of the neuronal protein NR2B was similar in all groups (Fig. 4C) , confirming that the changes in mRNA expression were not nonspecific or secondary to neuronal death.
Activation of the Nrf2 pathway increases neuronal EAAT3 expression and neuronal GSH levels in mouse brain EAAT3 expression was evaluated by immunostaining 48 h after t-BHQ injection into the striatum of WT and Nrf2
Ϫ/Ϫ mice. t-BHQ produced a significant increase in EAAT3 immunoreactivity in neurons near the injection site in WT mice, but not Nrf2 Ϫ/Ϫ mice ( Fig.  5 A, C, E) . The functional effect of Nrf2-induced EAAT3 expression was then evaluated using C5-maleimide (Aoyama et al., 2006; Won et al., 2010) to label GSH in fixed brain sections from WT, Nrf2 Ϫ/Ϫ , and EAAT3 Ϫ/Ϫ mice injected with t-BHQ or vehicle. t-BHQ increased C5-maleimide staining over neuronal perikarya in the WT brains, and this staining appeared most intense in the neurons with the highest levels of EAAT3 expression (Fig. 5 A, F ) . This increase was also evident in the neuropil, which contains both neuronal and astrocyte processes. By contrast, t-BHQ failed to produce an increase in C5-maleimide staining in the neurons of either Nrf2 Ϫ/Ϫ or EAAT3 Ϫ/Ϫ mice (Fig. 5C, D, F ) . The t-BHQ-induced increase in C5-maleimide staining was blocked in WT mice coinjected with BSO (an inhibitor of the GSH-synthesizing enzyme gamma-glutamylcysteine ligase), thus confirming the specificity of GSH in situ detection by C5-maleimide (Fig. 5 B, F ) . As additional confirmation, GSH was also labeled using antibody to the GSH-N-ethylmaleimide (NEM) adduct after incubating sections with NEM (Miller et al., 2009) . GSH imaging by this method produced more signal in the neuropil than the C5-maleimide method, but the overall pattern of staining was the same: t-BHQ injections produced large increase in GSH signal in WT mice, and much smaller increases in Nrf2 Ϫ/Ϫ or EAAT3 Ϫ/Ϫ mice (Fig. 6 ).
Nrf2 overexpression in neurons increases EAAT3 expression and GSH levels
Because t-BHQ can activate the Nrf2 pathway in both astrocytes and neurons, we used the neuron-targeted lentivirus (Fig. 3B ) (de Figure 6 . t-BHQ increases GSH levels in an Nrf2-and EAAT3-dependent manner. A, Striata from the mice shown in Figure 5 were also evaluated for GSH content using immunostaining for GSH-NEM adducts (green) following treatment of the sections with NEM. The increased GSH signal induced by t-BHQ was prevented by BSO and was absent at sites remote from the t-BHQ injections (data not shown). Images are representative of n ϭ 3-5 mice in each treatment group. Scale bar, 40 m. B, Quantified immunostaining. n ϭ 3-5. **p Ͻ 0.01, *p Ͻ 0.05 versus Veh in each genotype. Almeida et al., 2001) to evaluate the effects of Nrf2 activation selectively in neurons. Lenti-Nrf2 induced a threefold increase in Nrf2 mRNA relative to the controlateral hemisphere injected with a control lentivirus encoding ␤-galactosidase (lenti-LacZ) (Fig. 7A) . The lentivirus-mediated Nrf2 overexpression also increased EAAT3 mRNA in the area of injection (Fig. 7A) . The increase in EAAT3 expression was also detectable by immunostaining ( Fig. 7B ) and colocalized with an increase in C5-maleimide labeling (Fig. 7C ). Infected neurons, detected by their expression of GFP, displayed a 50% increase in EAAT3 staining and an 80% increase in C5-maleimide staining relative to infected neurons in the contralateral striatum injected with lenti-LacZ (Fig. 7D ).
Discussion
Neuronal GSH synthesis requires astrocyte release of GSH, extracellular cleavage of GSH to cysteine, and neuronal uptake of cysteine through EAAT3 (Dringen and Hirrlinger, 2003; Aoyama et al., 2008b) . Nrf2 activation has been shown to increase astrocyte production and extracellular release of GSH by increasing the expression of enzymes and transporters involved in GSH metabolism Kraft et al., 2004) (Fig. 8) . The present findings show that activation of the Nrf2-ARE pathway in neurons produces a parallel upregulation of EAAT3 expression. Enhanced EAAT3 expression increases neuronal capacity to take up cysteine, the rate-limiting component in neuronal GSH synthesis. Neurons exposed to either the Nrf2-activating agent t-BHQ or to lentivirus-mediated Nrf2 overexpression increased both EAAT3 expression and GSH content. The neuronal GSH increase following t-BHQ treatment was not observed in EAAT3 Ϫ/Ϫ mice, indicating that increased EAAT3 expression is required for the effect of Nrf2 on neuronal GSH content in brain.
The consensus ARE sequence was initially identified as 5Ј-rgTGACnnnGC-3Ј . Alternative, extended, and more versatile sequences also promote Nrf2-dependent activation of transcription (Erickson et al., 2002; Sasaki et al., 2002; Nioi et al., 2003; Wang et al., 2007) . Here we identified a conserved ARE-related sequence in the EAAT3 promoter of several mammalian species. Using lentiviral gene transfer to induce neuronrestricted expression of HA-tagged Nrf2, we found by ChIP analysis that the ARE-related sequence in the EAAT3 promoter was bound by HA-tagged Nrf2 expressed selectively in brain neurons. An effect of Nrf2 on neuronal EAAT3 gene transcription was further supported by the finding that lentiviral Nrf2 gene transfer was sufficient to increase EAAT3 mRNA levels.
ARE-mediated gene transcription has been reported to be more robust in astrocytes than in neurons Kraft et al., 2004; Vargas and Johnson, 2009 ), but several reports document a functional Nrf2 pathway in neurons of the brain and spinal cord (Johnson et al., 2002; Satoh et al., 2006; Kraft et al., 2007; Ramsey et al., 2007; Kanninen et al., 2009) . Similarly, a gene expression study of neurons found EAAT3 (Slc1a1) mRNA levels to be lower in Nrf2 Ϫ/Ϫ than in wild-type neuron cultures (Lee et al., 2003) , which exhibit chronic oxidative stress (Johnson et al., 2002) . Results of the present studies indicate that Nrf2 is required for upregulation of EAAT3, but not for basal expression of EAAT3, in both the in vitro and in vivo experimental models used. This pattern is consistent with that previously identified for multiple other genes involved in antioxidant defense (Malhotra et al., 2010) .
Factors other than transcriptional regulation of EAAT3 may also impact Nrf2 effects on neuronal GSH synthesis. Prior reports have established EAAT3 surface translocation as an important regulator of EAAT3 transport activity (Robinson, 2006) . EAAT3 surface expression can change substantially within minutes, and is regulated by protein kinase C and other factors (Fournier et al., 2004) . Uptake of glutamate by EAAT3 may also contribute to GSH synthesis, although this amino acid is usually present in excess. Nrf2 may also upregulate expression of enzymes involved in GSH synthesis in neurons, as it does in other cell types (Lee et al., 2003) . Nevertheless, the absence of an Nrf2-mediated increase in GSH in neurons of EAAT3 Ϫ/Ϫ mice establishes the importance of this transporter in the neuronal response to Nrf2 activation. Similarly, the absence of oxidant-induced changes in neuronal GSH content or EAAT3 expression in Nrf2 Ϫ/Ϫ mice indicates a central role for Nrf2 in mediating these responses to oxidative stress.
GSH histochemical staining and immunostaining showed highest GSH content in neuronal cell bodies, consistent with most prior studies of GSH distribution in brain (Ong et al., 2000) . The specificity of the GSH signal observed here was confirmed in two independent imaging methods and by negative controls produced by inhibiting GSH synthesis. Both imaging methods showed a t-BHQ increased neuronal GSH content in wild-type but not Nrf2 Ϫ/Ϫ neuronal perikarya, confirming action through the Nrf2-ARE pathway. These studies do not, however, establish whether t-BHQ also increased GSH content in the astrocyte compartment. While an increase in astrocytes would be expected, export of GSH from astrocytes may limit their GSH accumulation. Most importantly, failure of t-BHQ to increase GSH content in EAAT3 Ϫ/Ϫ mice despite activation of Nrf2 in both astrocytes and neurons establishes neuronal EAAT3 expression as an essential component of the Nrf2-ARE response in brain.
The control of brain extracellular cysteine concentration is surprisingly complex, involving GSH as an extracellular cysteine precursor and its cleavage by extracellular peptidases (Dringen and Hirrlinger, 2003) (Fig. 8) . Consequently, GSH release by astrocytes must be coupled to an increase in neuronal cysteine uptake to fuel neuronal GSH synthesis. The reason for this complexity has not been established but may stem from the fact that free cysteine is a potent excitotoxin (Janáky et al., 2000) . Immature neurons, like most other cell types, are able to take up cystine through system X c Ϫ for GSH synthesis (Murphy et al., 1990) , but mature neurons do not express X c Ϫ and instead use EAAT3 as the major route for cysteine uptake (Aoyama et al., 2008b) . Indeed, defects in EAAT3 function can trigger oxidative stress and neurodegeneration (Aoyama et al., 2006 (Aoyama et al., , 2008a Nafia et al., 2008; Li et al., 2010) . The present results suggest that Nrf2-induced EAAT3 expression in neurons parallels Nrf2-induced GSH release by astrocytes to facilitate neuronal cysteine and glutamate uptake and subsequent GSH synthesis (Fig. 8) . The Nrf2-ARE pathway can thereby coordinate astrocyte and neuronal responses to oxidative stress. Nrf2 coordinates a multicellular response to oxidative stress in the brain. Nrf2 effects on astrocytes are well described Vargas and Johnson, 2009) : upon stimulation by reactive oxygen species (ROS) or by Nrf2 activators such as t-BHQ and SR, Nrf2 translocates to the astrocyte nucleus (1), binds to ARE sequences, and activates the transcription of multiple genes involved in GSH metabolism. These include the cystine (Cys-Cys) transporter xCT, the GSH extruder MRP1, and the GSH degrading ecto-enzyme ␥-GT (2). The net effect is increased synthesis and release of GSH by astrocytes (3). GSH is cleaved by ␥-GT and aminopeptidase (AP) to generate free cysteine (Cys), the rate-limiting precursor for GSH synthesis (4). Taking advantage of a lentiviral vector that targets neurons (lenti-Nrf2, 2Ј), we show that Nrf2 binds to an ARE-related sequence (AREr) in the EAAT3 promoter in neurons. Activation of neuronal Nrf2 by ROS, nucleophiles (1Ј), or Nrf2 overexpression (2Ј) activates EAAT3 transcription (3Ј). Increased EAAT3 levels facilitate neuronal uptake of cysteine (4Ј), thereby facilitating GSH production in neurons (5Ј).
